Abstract: Generation of tunable millimeter-wave (MMW) and terahertz (THz) signals is experimentally demonstrated with an optically injected 1310-nm quantum dot distributed feedback (QD DFB) laser. A novel technique for MMW and THz signal generation is proposed, which is based on the dual-mode laser operation and the four-wave mixing induced in the QD DFB under single-beam optical injection into one of its residual Fabry-Perot modes. Coarse and fine tunability of the MMW and THz signals from 117 to 954 GHz is also demonstrated by injecting the external light into different residual modes of the QD laser and by controlling the injection strength and the initial frequency detuning.
Introduction
Novel photonic approaches for the generation of radio frequency (RF) signals in the microwave (MW), millimeter-wave (MMW), and terahertz (THz) frequency ranges are the subject of ongoing research [1] - [12] . These offer important advantages in comparison to traditional techniques based on electronic circuitry, such as reduced cost and complexity, large frequency tunability, and lower energy consumption. Furthermore, photonic techniques offer promise to overcome the limited frequency response of electronic components allowing the generation of signals over 100 GHz and beyond. They also permit the transmission of RF signals over long distances using optical fibers. Thus, the combination of RF and photonic technologies for the development of stable and tunable photonic MW, MMW, and THz sources is expected to play a key role in a wide range of future applications. These include Radio-over-Fiber (RoF) optical wireless networks, mobile communication systems, satellite telecommunications, etc. For reviews on MW photonics, see for instance [1] - [3] .
Various techniques using semiconductor lasers have been reported for the generation of RF signals [1] . Among others, we can cite mode-locking, optical heterodyning, dual-wavelength lasers, and optical injection. Mode-locking is a technique that can generate low phase noise MW and MMW signals [1] , [4] , yet it has the disadvantage that offers low tunability as the generated frequency is determined by the laser's longitudinal mode spacing [1] , [4] . Optical heterodyning where a beat signal is generated at the difference frequency between the emissions of two free-running lasers is a very flexible technique that allows the generation of tuneable RF signals from the GHz to the THz range [1] , [5] . A dual-wavelength semiconductor laser emitting simultaneously in two different modes can also generate an RF signal at the difference frequency between the two lasing lines [6] . In this case, the phase correlation between the two emitted modes in a dual-mode laser is better than that between two free-running lasers as they share the same cavity [1] . However, in most cases, the two lasing lines in a dual-wavelength laser operate with fixed frequency spacing and thus provide reduced tunability of the generated RF signals [1] , [6] . Optical injection is a technique that allows the generation of tuneable MW and MMW signals and that benefits from a simple experimental configuration and the use of commercial off-the-shelf devices. Single-and doublebeam optical injection schemes have been used to generate RF signals with frequencies going from a few GHz to over 100 GHz [7] - [11] . Additionally, optical injection offers the advantage of permitting large frequency tunability, frequency modulation (FM) and single-side-band (SSB) modulation, as well as amplitude modulation (AM)-to-FM conversion, which is beneficial in RoF wireless systems [1] , [11] - [13] .
Most of the research work addressed to generate MW, MMW, and THz signals with semiconductor lasers has considered the use of traditional quantum-well (QW) devices [7] - [14] . Recently, due to the theoretically superior properties of nanostructure lasers built with advanced quantum dash (QDash) and quantum dot (QD) active regions (i.e., ultrafast carrier dynamics, reduced temperature dependence, etc. [14] - [16] ), the use of these devices for RF signal generation has begun to receive interest. Yet, the attention has mainly focused on mode-locking or optical heterodyning techniques (see for instance [4] and [5] ). Apart from a few recent works, the use of optical injection in nanostructure lasers for MW, MMW, and THz signal generation has not undergone much research effort. An optically-injected 1550 nm Fabry-Perot (FP) QDash laser [17] was used to generate tuneable MW signals. Using QD devices, a recent work reported on the generation of continuously tuneable MW and MMW signals from below 1 to over 40 GHz with an optically-injected 1310 nm-QD DFB laser [18] . Research has also focused on the development of dual-wavelength QD lasers. In particular, a dual-mode QD laser with frequency differences varying from 1.3 to 8 THz [19] , [20] has been reported. Also, very recently, dual-mode lasing operation has also been demonstrated in an off-the-shelf QD DFB laser under single-beam optical injection [21] .
In this paper, we report on the generation of tuneable MMW and THz signals using a 1310 nm-QD DFB laser subject to single beam optical injection. We use a technique which is based on the dual-mode lasing operation [21] and the non-degenerate four wave mixing (NDFWM) induced in such device when an optical signal is injected into one of its residual FP modes [22] . We demonstrate experimentally the generation of MMW and THz signals with frequencies ranging from 117 GHz to 954 GHz. Coarse and fine frequency tunability is also demonstrated. These results obtained with a simple experimental configuration, added to the superior properties of nanostructure lasers offer exciting prospects for novel uses of QD lasers as high-performance RF signal sources for future RoF-based wireless optical networks.
Experimental Setup
A laterally-loss coupled DFB QD laser with emission at 1310 nm was used in this paper. The device has a 300 m long cavity with asymmetrically HR-HR (high reflectivity) coated facets with 80% and 95% facet reflectivities. A 200 nm-pitch chromium grating allows distributed reflectivity providing single mode emission with high side mode suppression ratio (SMSR). The epitaxial layer structure of the 1310 nm-QD DFB laser is shown in Fig. 1(a) . The active region consists of six 9.1 nm-thick InAs/InGaAs dots-in-a-well (DWELL) layers separated by 30 nm GaAs barriers. Fig. 1(b) shows the LI curve of the device at 298 K giving a threshold current of 4.4 mA. The optical spectrum with the device biased just above threshold with 4.6 mA is plotted in Fig. 1(c) showing single mode emission at approximately 1309 nm. Fig. 1(c) also shows the attenuated FP modes which are separated approximately 0.77 nm (%135 GHz). Fig. 2 plots the experimental setup. Light from a commercially available 1310 nm-QW laser (master laser, ML) is injected into the 1310 nm-QD DFB laser (slave laser, SL) used in this paper. An optical isolator is included to avoid undesired reflections to the ML. A polarization controller and a variable optical attenuator (VOA) were used to control the polarization and the optical power coming from the ML. A 90/10 coupler divides the optical path into two branches. The 10% port is connected to a power meter to monitor the injection strength, whereas the 90% port is injected into the SL using an optical circulator. Finally, the reflective output of the QD DFB laser is analyzed with an optical spectrum analyzer (OSA). Fig. 3 shows optical spectra measured at the SL's output when operated in solitary [see Fig. 3(a) ] and after the injection of an optical signal into one of its residual FP modes [see Fig. 3(b) ]. Specifically, the external optical signal was injected into the first longer wavelength FP mode (in relation with the SL's lasing line). The ML's signal was configured with an optical input power of P inj ¼ 2:4 mW and zero initial frequency detuning between the resonant frequencies of the ML and that of the SL's injected residual FP mode ðf ML À f FPÀSL ¼ 0 GHzÞ. Fig. 3(b) shows that, after the external light injection, the FP mode locks to the external signal. However, the locking of the FP mode is not accompanied by the suppression of the lasing line. Therefore, dual-mode lasing operation is obtained at the SL's output [21] . Moreover, interaction between the two laser lines produces NDFWM generating side bands in the spectrum [22] . As a consequence of this process, an RF signal with a frequency corresponding to the frequency difference between the two appearing laser lines is generated. In this particular case, the RF signal has a frequency of % 135 GHz within the MMW range.
Experimental Results and Discussion
It is believed that the optical-injection induced dual-mode lasing operation used in this paper for MMW and THz signal generation is unique for QD devices. Such response arises from the interplay of homogeneous broadening and imperfect carrier clamping in the QD material above threshold. As a result of this process (for high enough levels of applied bias current), the gain in the QD DFB's lasing line is restored, and its emission is not suppressed after the residual FP mode locks to the externally injected optical signal. For complete details and discussion on this process, see [21] .
Furthermore, this technique permits the tunability of the generated RF signals. A first procedure to tune the RF signals' frequency consists in injecting the ML's light into different residual FP modes of the QD DFB laser. Fig. 4 shows that higher frequency RF signals in the MMW and in the THz range can be generated. Fig. 4(a)-(f) shows results when the external optical signal is injected into different residual FP modes in the longer wavelength side of the SL's lasing line (from the first to the seventh longer wavelength mode). In all depicted cases, the input power and the initial frequency detuning were set equal to 2.4 mW and 0 GHz. Also, in order to match the ML's wavelength with the targeted FP mode, the temperature ðT SL Þ and bias current ðI Bias Þ applied to the SL were carefully selected (as indicated in the caption of Fig. 4(a)-(f) shows respectively the generation of doubleside-band (DSB) or SSB signals in the MMW and THz ranges with frequencies equal to %132 GHz [see Fig. 4 Fig. 4(f) ] depending on the injected FP mode. We believe that injecting into even longer wavelength FP modes would generate higher frequency THz signals (beyond 1 THz). However, due to limitations in our setup, the ML's light could not be tuned to higher values than those shown in Fig. 4 .
Moreover, in addition to the coarse frequency tunability illustrated in Fig. 4 , it is also possible to finely tune the frequency of the generated MMW/THz signals. This fine tuning can be performed by controlling either the initial frequency detuning or the ML's injection strength. Fig. 5 plots the case where tuning is obtained by means of frequency detuning control. Specifically, Fig. 5 plots superimposed optical spectra measured at the QD DFB laser's output when an optical signal with P inj ¼ 5:6 mW is injected into its first longer wavelength FP mode with different initial frequency detuning between the ML and the FP mode of the SL from À24.7 to 17.7 GHz. As seen in Fig. 5 , the frequency separation between the two modes in the QD laser's spectra (as well as the frequency of the side bands) changes as the initial detuning is varied. Therefore, as Fig. 5 shows, RF signals from 116.9 to 158.4 GHz can be generated with this technique along the D-band of the MMW spectral range [23] . Fig. 6 shows the case where the fine frequency tuning is obtained by controlling the ML's injection strength. Fig. 6 plots superimposed optical spectra at the SL's output when an optical signal with increasing injection strength from 0 mW (solitary device) to 5.6 mW is injected into the third longer wavelength FP mode. The frequency detuning between the ML and the injected FP mode was kept constant at À4 GHz. As seen in Fig. 6 , the external optical injection generates a THz signal at a frequency of % 410 GHz, corresponding to the frequency difference between the two peaks in the spectrum. The insets at the top of Fig. 6 plot in detail the evolution of the lasing (left) and injected (right) modes with increasing injection strength. Since the ML's wavelength is fixed, the wavelength of the injected FP mode remains constant at all moments. However, the lasing line shifts toward longer wavelengths with increasing injection strength. This is due to wavelength pulling effects induced by the external injection. At first, for an injected power up to 800 W, this wavelength shift is small. From 800 W to 1.6 mW, a more abrupt wavelength shift is produced together with a power drop of approximately 1.2 dB. This sudden wavelength and power change is produced when the FP mode injection locks to the external signal [21] . The locking of the FP mode is not accompanied by the suppression of the lasing line but only of a small power drop, thus leading to the achievement of optically-injection induced dual-mode lasing operation [21] . Finally, for powers over 1.6 mW, small wavelength shifts are observed again for increasing injection strengths. As a consequence of this behavior, the separation between the two lasing lines is reduced from 415.5 to 410 GHz as the injection strength grows from 200 W to 5.6 mW.
Figs. 5 and 6 also reveal that, already with the QD laser of this paper without any design optimization, it is possible to generate MMW and THz signals on two important frequency windows (around 140 and 410 GHz). These are interesting for datacom applications due to the existence of minima atmospheric propagation losses at those frequencies [22] , [23] . In addition to the results presented in Figs. 5 and 6, a similar tuning capability is possible in different MMW and THz frequency windows by injecting the external light into a different residual FP mode of the device. For the particular device of this paper, fine frequency tuning could be achieved around the frequencies of 135 GHz, 270 GHz, 415 GHz, 550 GHz, 685 GHz, 820 GHz, 955 GHz, etc. Moreover, the capability to tune the frequency of the generated MMW and THz signals by means of controlling the injection strength and initial frequency detuning open also the possibility to use the proposed optically-injected QD DFB laser system to modulate FM signals on the generated MMW and THz subcarriers, as well as to obtain AM-to-FM conversion [12] - [14] .
Conclusion
In this paper, we have reported experimentally on the generation of tuneable MMW and THz signals using an optically-injected 1310 nm-QD DFB laser. The novel technique described in this paper is based on the achievement of dual-mode lasing operation and NDFWM at the output of the QD DFB laser when the device is subject to single-beam optical injection into one of its residual FP modes. Furthermore, the frequency of the generated signals can be coarsely tuned along different windows across the MMW and THz frequency ranges by injecting the external light into different FP modes. Also, finely frequency tuning of the generated MMW and THz signals is also possible by controlling the initial frequency detuning between the injected signal and the targeted FP mode, as well as the injection strength. These results, obtained with a QD laser and a very simple experimental configuration, offer exciting prospects for novel applications of nanostructure lasers in different Fig. 6 . Optical spectra at the output of the QD DFB laser when subject to optical injection into its third longer wavelength FP mode with different injection strengths ðP inj Þ from 200 W to 5.6 mW. The top insets show in detail the peaks of the lasing (left) and injected (right) modes. The initial frequency detuning was set equal to Áf ¼ À4 GHz. fields including RoF-based optical wireless systems, novel mobile communication networks, spectroscopy, sensing, etc.
